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Silicon Tracker Types oo el
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Hybrid Strips —
Hybrid Pixels Monolithic
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how do we handle the rate? =~ reeccr i

e Capturing 40M 5Gpixel
images per second is not
feasible.

* Triggering only saves a factor
of 40 in readout

1M 5Gpixel images per
second is still far from
feasible

* A:We do NOT do
conventional image capture.

_Estinated PU50 QW ! * We treat every pixel as an
independent, free-running
detector and store it's output
(heavily redacted)
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Single Pixel Perspective receer?]

Pixel size
Pixel output
o / V
IBL E
o
>
ITk /‘
time
Hits
~50 kHz

(not too bad compared to 40 MHz)
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Single Pixel Perspective

Pixel size
Pixel output

v fthestold
AV

time

IBL

voltage

I Tk
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Single Pixel Perspective receer?]

Pixel size
Pixel output
‘, )i /-rthnres'imoid )
Q l" / / /
IBL g // / /
E /
ITk
time
Bunch
crossings

Digitize amplitude above threshold
in each Bunch Crossing
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On-Chip Storage and Trigger e«
i >

|/ | / Abib / l h / !
> / / /
S / ! //
S /
o On-chip
— — o
8 o S S memory ==p Readout
= C ° - (“FIFO”") ~Gbps
Storage of all
individual hits T
W/ ADC value
(~40 Gbps for a 100Kpx chip) Triggers (select 1/40 time slices)
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A chip Is storing 40Gbps?

>

A
Frrreeer lm

High rate pixel readout chips are memories (in addition to being pixel readout chips)

[GB per second]

DDR4-3200, 128-bit
=51.2GB/s

4

50
40 4374 © DDRY-2400, 128-bit =
=33-‘*'33"5. DDR4-2666, 128-bit
=42 76B/s
37.5
DDR2-1600, 128-bit B oore-2133, 1284t
=25.608/s 9 o
31.25
[ | DDR3-1866, 128-bit
25 B 00R3-1333, 128-bit =3068/s
. =21.3GB/s
DDR3-1066, 128-bit
18.75 =17.06B/s
.‘ DDR2-667, 128-bit
12.5 . =10.6GB/s
DDR2-533, 128-bit
625 =85GB/s
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 =

Figure 2. DDR4 higher performance compared with DDR3L and DDRZ2

(and this is not rad hard)

Plot is for a
memory module
containing 8
silicon chips
soB=Dh

June. 24, 2025
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HEPlc Silicon Detectors at %dqnlc!r!iglers

2000 . 5 : : " Strip Detectors Hybrid Pixels
@ strips 4 Y 1980 NA1 1999 Delphi
200k A scaled by channd{il " . _ 1981 NAll 2009 ATLAS
lhybrid pixels 1982 NAl14 2009 CMS
. 1990 Markll 2015 ATLASIBL
~ *k cmos pixels g
£ ool = CCD P : = -JN 1 1990 DELPHI 2017 CMS
s * 1991 ALEPH 2019 velopix
) ° - 1991 OPAL 2025 ATLAS
s ol = a\ 1992 CDF SVX 2025 CMS
= & 1993 L3
! " ' % 1996 CDF SVX' CMOS Pixels
3 0.2k ) . 1998 CLEOII 2014 STAR
T ‘s - 1999 BaBar 2019 ALICE
° 2001 CDF SVXII+ISL
002k o _ 2009 ATLAS SCT CCDs
- 009 CMS tracker 1993 VXD
° ATLAS ITK
0-002 [ ] [ ] 1 dL 1
1970 1980 1990 2000 2010 202 2030
First CCD Year of first data taking
digital
CMOS sensors
cameras Start of HEP

) used in webcams nixel
IC design Nz
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50,000,000,000

10,000,000,000
5,000,000,000

1,000,000,000
500,000,000

100,000,000
50,000,000

10,000,000
5,000,000

Transistor count

1,000,000
500,000

100,000
50,000

10,000
5,000

1,000

HEP Tracker Integrated Circuits = rrreee ’-’h

BERKELEY LAB
"SPARC M7 \032 -core AMD Ep

IBM z13 Storage ControHer Apple Al ZXyB\Oi'IIC 6
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Yooy Orie i) S0, \ 8 g gOua\comm Snapdragon 8cx/SCNON

™ HiSilicon Kirin 980 + Apr () ionic
61-core Xeon Phi
12-core POWER *8 8 L4

H\SHICOH Kirin 710 &e

8-core Xeon Nehalem-EX« 8 W(J(Jug%rgnginojrerllggélg?a
Six-core Xeon 7400, L .
Dual-core Itanium 2€p < Dual-core + GPU Iris Corey{ dwell-U

° °Quad core + GPU GT2 C I8 i7 Skylake K
§ o8

Pentium D Presler Ouad -core + GPU Coreg
POWER6
gtamum 2 W|th 0 0 le A7 (dual-corg AR le SoC")
9 MB cache: Core(a]? Ouc?d) St 3‘ m e IX

ltanium 2 Madison 6M4€p cCore 2 Dugl\ﬁolf%%t\g p D 53 C
Pentium D Smithfield Core 2 Duo Conroe
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AMD K8° Pentium 4 P E
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Pentium 4 Willamette €p °d° -

Pentium |
AMD K7 8 € Pentium Il Cop I\7|mne

wTimepixS
edipix3

Pentium Il Mobile Dixon,
AMD Ks-lI

OAHM Cortex-A9
AMD K6§ OPent:HrB Il Katmai
tiu II

Paptiinnh Pro° ntium eschutes
K\amath F E I 3
Penuum

AM K5,
10 */l
Intel 80486e, @ e d I p | X
TI Explorer's 32-bit S ; AN Ve
p p® Aﬂg?oo X4 N \ 4

Lisp machine chip

B 7 y
Intel 80386, Intel . € ARM 3 | N\ / \ ¥
Motorola 68020 ¢ MY O/ |/ 7
© MultiTitan ‘ o N . y
Motorola Intel&0-06 R N\ A0oN ‘,ﬁ—l Z
i Qintel 80186 SWZ X (\ ‘e(}‘\o S
° uture el :
Intel 80864y €pIntel 8088 QARM 2 ARM 6 F ( 20 \j \ 0‘\
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HEPi¢ Why Microplex? creeend]
T

Because this was a silicon strip module before:

NA1l, CERN 1981

NIM205 (1983) 99

It did not scale
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HEPi¢ Why Microplex? creeend]
P

HL-LHC is far beyond

Original ATLAS motivation for pixels circa 1995

ATLAS Barrel Inner Detector ATLAS Barrel Inner Detector
A H—bb

Zero pileup Original design luminosity

o Wy

FE-I3 -
readout chip Solution: It did not scale.
ST 1 Y _ A new readout chip solution

46,080 b "‘Xray prom— had to be developed

|
|

|

R —

6.3cm
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RD53 Hybrid Pixel Readout /\I

A
r ||||

100x higher rate and radiation

HEP:<
il

Cern.ch/rd53

RD-53 Collaboration Home Qé ‘mm

RD-53 will design and produce the next generation of readout chips for the
ATLAS and CMS pixel detector upgrades at the HL-LHC. More details can be
found in the 2018 extension proposal and the original collaboration proposal.

~1000 fﬂ;ﬁ&

tranSIStOrS %ﬂﬂ‘ﬁﬁ?—:ﬁﬂﬂ wm_mm IEEI r%!!m—ﬁﬂ"ﬁm

m""“-'Eﬂ.‘ﬂ"“'4:.?5&%.:‘5:’:?2"..:’:.:5?"—*‘%

e m__m“ ..ﬁm
R I T RN
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Complex system on chip [L/r—f%

ATLAS: 400 columns x 384 rows

£ E
5e
298 | CMS: 432 columns x 336 rows
T DoubleCOL DoubleCOL DoubleCOL
Bias Bias [ e e e Bias
< Analog Chip Bottom (ACB)
I j = Readout
N/ B ~Gbps
E
f! Digital Chip Bottom (DCB) i
i- \1 = @ @ Serial power
ADC Calibr. Bias DACs CDR/PLL Sensors Ring osc. P
v | —=—=x —~ regulators
. [shoo_an [ shioo_pig | ['shibo_an | [ shipo_pig | [ priver/rec | [PoR || Netoo_an || shipo_vig [SRBG_An || shtoo_pig for low detector
— 2
2) UUUUUOOOUOOY peetame DNDDDDUDDUDD mass

\ Clock recovery for
advanced communication
protocols
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Example of non-trivial processing rrrceee |m

BERKELEY LAB

On-chip
memory ==p Readout
Read Read Read Read Read Read Read | BH ~Ghbps
token token token token *) token token token | A /
EEE | A
G - EE EE
v 160/(N clks) ' i '

Hit-map y
created ‘ encoder| ‘ encoder‘ encoder encoder ‘ encoder‘ | encoder|
here & <= 104b/clk ¢ l

Core-col .
adaress E%E;T%}b 16 e
added X -
Scan
token — ) EOC-out: — s )
? (128+8)b x 8 T
<=136 b/clk
in: 145b x 8 (#) ‘
n: X There are 7 of
Sean Barrel shifter . DC buffers Barrel shifter . thesein the chip.
token Each serves 8
out: 249h x 8 core columns
l (7" serves fewer)
256biclk l
4 I all hits from one event don't fitin EOC buffer,
( ) this column will appear twice in the stream. 258b x 32
(#) Blue event being retrieved from columns. ¥ Stream builder 4 CDC buffers
Green event retrieval will begin when no Tag added )
blue hits are left in column buffers. ~ ______ here [ __ | M 40MHz clock domain
(240+17)b x 64 - AURORA clock domain

64b words to AURORA. Rate depends on number of lanes

June. 24, 2025 Silicon Trackers — M. Garcia-Sciveres 15



-~

Radiation Environments reecee?]
——

1krad

1rad 10rad 100rad 10krad 100

satellites

deep space probes
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HEP IC Radiation Outlook cercer]

BERKELEY LAB

S
o
Future HL-LHC

Circ. ee Future pp
4 | | + | | ] | |

| | | | | | |
10krad 100krad 1Mrad 10Mrad 100Mrad /1Grad 10Grad

ALICE

>

Inner Layer Dose Temperature history
Process details
Dose rate

Dose history
Annealing
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Trade-offs reececc] o
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2000 T T
@ strips
ogol A scaled by channels
Whybrid pixels
L *kcmos pixels
€ 20} w=cecp
o
a
g 2
g L ] L ]
g o2} i
(%) L
L ]
0.02F .
[ ]
[ ]

0.002

1970 1980 1990 2000 2010

Year of first data taking

1rad 10rad 100rad  1lkrad
| | ] ]

2020 2030

10krad 100

T

satellites

Highly customized
non-portable process

deep space probes

June. 24, 2025
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HEP:C The Rate Extremes ceeree) p
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2000

@ strips
200F A scaled h_y channels

(sq. m.)
%
oo
O
o

T T
.
.
: 201
w . *
g 2F M [ ]
g 2 i L
g L .o
o 0‘2/.“ L] - o
.
0.02+ .
.
.

0“30].%70 1980 1990 2000 2010

SLD VXD
Silicon area:  0.12 m?

300M pixels (20um x 20um)
But only 350,000 Z decays recorded

=> most pixels were never hit by
real collision particle!

T
A
A
.
L]
020

2030

HL-LHC

Inner layers of ATLAS and CMS high
luminosity upgrades will see 10
collision particles in every Si atom!
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BACKUP
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HEP:I€ Hybrid Pixel Detector Technolo eceer?]
’ >

50um - 2cm >

Sensor

el TE

Readout Chip |k _
BT e Readout Chip

ATLAS
PIXEL
2007
80M pixels

ATLAS
IBL
2014
12M pixels

ATLAS ITK 2026, 5G pixels Remember the tour...
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Connection to Consumer Electronics /\| i

BERKELEY LAB

2000 T T T T T
CMOS Pixels
2014 STAR
200 F . 1 2019 ALICE
* cmos pixels
CCDs
E 20k 4 1993 VXD
= X
&
g 2F CMOS I
@ . sensors CMOS
S FI_I‘S_'[ CCD appear in used in all
2 0.2F Digital webcams consumer :
0.02F i
0.002 . : : ; :
1970 1980 199 000 2010 2020 2030
Year of first data taking
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HEP%C Close-up of CMOS camera sensor /s\l i
P

Photodiode covers about half
the pixel area in this example

Metal traces have been removed.
They run over the transistors
leaving photodiode exposed

LY -
pixel
(row N+IT)T”
" L]

For particle tracking need 100%
fill factor

Need low enough noise that can
detect a single particle

Need radiation hardness

June. 24, 2025 Silicon Trackers — M. Garcia-Sciveres 24



HEP;:& ALICE justinstalled a 10m? /\I :

tracker made of CMOS sensors

n-well transistors n-well
diode  NMOS PMOS diode
e Vst
pwell  nwell pwell 3 H
=+ Vgg

deep p-well

epitaxial layer P- "‘.. : NA ~ 108 cm™3

—
substrate P++ NA ~ 1018 om2

Highly customized CMOS
process. Proprietary. Not
portable

June. 24, 2025 Silicon Trackers — M. Garcia-Sciveres 25
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ALPIDE sensor chip- not a simple 3T pixel :r_rr\rr| ’ﬁ\.

BERKELEY LAB

Pixel layout

Collectlon
Diode

—igmd,

Front End S5
wrl 88°9¢

| Digital Pixel
Section

9.66um 19.58 um .
29.24 um

~100 transistors

June. 24, 2025

Silicon Trackers — M. Garcia-Sciveres 26




~

HEPi€ Limited Readout Bandwidth ol

120 | T T T T T | g2 F I Air —
. <IN I Silicon
140— I pix::IST
le+17 C I pix::PST
i 120— Il CarbonFiber
80 b | C 4 I PixelChips
- NE 100 C :_ ‘ l debugging only! ) - Services
IEI N jesda o - ‘ A:-e‘ll.lsedas an indication of the final detector Iay“ TOta]_XO_HL
O 60 = e 80— & FE
— ) - 7
o 0o B
100 MRad 2 eof
200 MRad BtE T
20 L
20 —
1 GRad -
0 1e+14 0
0 50 100 150 200 250 300 350 400
Z[em]
) . . ’ .
Can’t use optical transmitters Can't use heavy shielded cables
Channel output 11'-_’1::»e*.t-t::urscirs_ removed ! Channel output . Post-cursors removed
iy — S———— 06 |
04 =
© @ o 0.2 e e
£ £ : = N
E : £o2 PREEES
: . 0.4 F—— - \
0.6 ﬁ = 2 0.6
0.8
0

0 1 2 o 1 2 1 2 B
Time [UI] Time [U] Time [Ul] Time [UI]

3m 5Gbps Simulation 5m
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Readout Chip Evolution /_\I d
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Slw|Slw|8= oo b
analog O I EA R EN A OO0 0 00
-~ |&|3|&|S|&ls] 0 |ODo O OO
digital digital digital
memory &
control control

(looks more like commercial chip)

10 yrs ago today Future

TATLATY T VT AT [ VT AT [ VT
-l tHreshal 5 tHreshal 5 tHreshol
£ £ g
-] -] =]
> > >
time time time
Content- Content- Content-
8588-288888283888835:88 8588-28838823888835:88 8528 28338828888835x:88
§883535585533585559888 ‘ ;?;’r'n‘*jrjab'e §8835355835553585559888 ‘ ;?:r'n‘*;jﬂb"’ §283535535533528508888 - addresseble

— 1 — —

<1Gbh/s /cm?2 5Gb/s /cm?2 40Gb/s /cm2

28
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What Images Look Like ceceeed]

DL O s L H

CMS 2015 event with 78 verteces
(special high pileup run)
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HEPi< FE-I4 Digital Region

* Digital block is shared with 4 inputs- each form an identical
analog pixel.

" i " ol s = =

] Read and Memory Management

] Latency counter & Trigger Management

] Hit processing

] ToT Counter and ToT Memory Management
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HEP: ¢ Velopix triggerless readout ol
e

Readout chips in LHCb Velopix plane
Output data rate per chip in Gbps
' 50F- 5 5 i
g I
— 40F
-~ I
30F
20f
10F
-10f
-20f
30

Velopix half with 26 planes

~1m copper
links

\‘.
W
W

20 optical links
; Backend - PCIe40
\

|

>

* Geometry looks like 2
data flow diagram —— <

e Lots of room outside ~60 m
physics acceptance

e Can have many cables out of each chip

o

3
o)
T3

o

=3

—+

o)

3

3

YJomiau s/q9 00T
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